Introduction
============

Macroautophagy (hereafter referred to as autophagy) is a well-conserved cellular process that is aimed at targeting cytosolic components for lysosomal degradation. This process plays an important role in the maintenance of cellular homeostasis, inducing degradation of protein aggregates and damaged organelles.[@R1] Upon initiation of autophagy, a phagophore is expanded around cytosolic material to form double-membrane vesicles that are called autophagosomes, or initial autophagic vacuoles. After fusion with lysosomes, autolysosomes, also called degradative autophagic vacuoles, are formed and their content is degraded, which can be as large as mitochondria.[@R2]^-^[@R5] Substrates can be targeted selectively for autophagic degradation by a molecular tag, like polyubiquitin. Subsequently, these tags are recognized by SQSTM1/p62-like receptors (SLRs), which link the ubiquitinated targets to autophagosome-associated proteins.[@R6] One of these proteins, microtubule-associated protein 1 light chain 3 (MAP1LC3, abbreviated as LC3), is involved in cargo recruitment and biogenesis of autophagosomes and has successfully been used as a marker for autophagic structures.[@R7]^-^[@R9]

In addition to its role in cytosolic homeostasis, autophagy is involved in the defense against intracellular microbes.[@R10]^,^[@R11] Certain types of pathogenic bacterial species are able to escape from phagosomal compartments or inhibit the maturation of phagosomes by manipulating the cell's molecular machinery. It has been shown that the autophagic mechanism can act as a secondary defense line against microbes that evade phagocytotic destruction.[@R12] Besides its role in microbial degradation, autophagy plays a role in the antibacterial defense mechanism by contributing to cytokine secretion and regulation of the immune response, and it may be involved in the clearance of cellular components that have been damaged as a result of the bacterial infection.[@R13]^,^[@R14]

Perhaps the most notorious of intracellular pathogens that can manipulate the host phagocytic process is *Mycobacterium tuberculosis* (*Mtb*), which is estimated to have infected a third of the world population and currently causes nearly 1.5 million deaths per year. In macrophages, *Mtb* prevents phagosome-lysosome fusion resulting in immature phagosomes, in which *Mtb* can survive and replicate.[@R15]^,^[@R16] In some studies *Mtb* has been shown to escape from phagosomes into the cytoplasm.[@R17] This translocation requires the early secretory antigenic target 6 system 1 ESX-1, a type VII secretion system involved in general virulence of pathogenic mycobacterial species.[@R18] ESX-1 permeabilizes phagosomes triggering LC3 recruitment to *Mtb*-containing phagosomes and this secretion system is required for recognition of *Mtb* DNA by the host's DNA sensing pathway initiating autophagy, which leads to degradation of *Mtb* in autolysosomes.[@R19] Induction of autophagy by starvation, inhibition of MTOR, or interferon-gamma treatment can stimulate phagosomal maturation and restrict mycobacterial replication.[@R11]^,^[@R20]^,^[@R21] In additional mechanistic studies, autophagy has been shown to produce autolysosomes containing antimicrobial peptides from specific ribosomal and ubiquitinated proteins capable of killing *Mtb*.[@R22]^,^[@R23]

Microscopy data on autophagy has mainly been generated using cell culture studies, and fewer studies have been performed on whole animal model systems. Besides the obvious increased validity of vertebrate animal models, these systems enable studying the autophagic response in different cell types and the interactions between these cell types. Ultimately, this may facilitate the development of novel therapies against autophagy-related disorders.[@R24]^-^[@R26] In the present study, we have used the zebrafish animal model for high-resolution imaging of autophagy during bacterial infection. Zebrafish embryos and larvae are extensively used because of their visual transparency, allowing fluorescent imaging of a wide variety of disease processes.[@R27] The zebrafish is currently being used as a model system to study autophagy in different fields, such as development,[@R28]^,^[@R29] neurodegeneration,[@R25]^,^[@R30] and infection.[@R31] An important tool is the GFP-Lc3 transgenic zebrafish line, *Tg(CMV:EGFP-map1lc3b)*, which enables the visualization of autophagosomal structures.[@R32] This line has previously been used to show the autophagy response against bacterial infection.[@R31]^,^[@R33]

The exact role of LC3 and its homologs in intracellular processes has not entirely been elucidated yet. It is clear that LC3 is not exclusively involved in biogenesis of autophagosomes, but is also involved in membrane expansion of other organelles.[@R34]^,^[@R35] In innate immunity, it has been reported that the toll-like receptor signaling pathway triggers the recruitment of LC3 to phagosomal membranes.[@R36] In addition, LC3 is recruited to phagosome-enclosed apoptotic cells.[@R36]^,^[@R37] In order to study autophagy in zebrafish, it is important to visualize this process by electron microscopy and to be able to correlate the obtained images to the images of GFP-Lc3 structures observed with light microscopy. This is especially important due to the current lack of antibodies that can be used as specific autophagy markers in the zebrafish model.

Zebrafish are a natural host for infection by *M. marinum* with similar phenotypes as *Mtb* infection in human tissues.[@R38]^,^[@R39] Similar to *Mtb*, *M. marinum* can propagate in macrophages by preventing phagosome-lysosome fusion. The infected leukocytes subsequently attract other immune cells, leading to the formation of organized cellular aggregates called granulomas.[@R40] *M. marinum* can escape from the phagosome into the cytosol and develop actin-based motility.[@R41] Different procedures have been established to induce systemic *M. marinum* infection in zebrafish embryos and larvae, of which injection of bacteria into the caudal vein is most widely used.[@R42] However, high-resolution imaging of cellular processes during these systemic infections, such as autophagy, is complicated. Using light microscopy, the applicability of high numerical aperture (NA) lenses is limited when infected tissues are located deeper inside the organism, and out of focus interference greatly limits the resolution and contrast. Using electron microscopy, which is required to visualize cellular ultrastructures such as autophagic vacuoles, it is extremely labor-intensive to localize infected cells that are scattered throughout the body of the zebrafish larvae.

In this study we present a novel infection model for pathogens in zebrafish larvae. Microinjection of *M. marinum* directly into the tail fin of zebrafish larvae results in a highly localized infection. This enables studying intracellular processes during the entire course of the infection process, from the infection of a few cells until formation of a granuloma. In particular, the role of autophagy during this process can be investigated using visualization of the autophagosomal structures by high-resolution light and electron microscopy. Using this approach we show that autophagy is induced during the course of infection by *M. marinum*. Using light microscopy, a large number of small GFP-Lc3-positive structures (\~1 μm) and a small number (± 6 per granuloma) of larger (\~3 μm) GFP-Lc3-positive structures (containing bacteria) were observed in the infected tissue. These larger GFP-Lc3-positive structures containing bacteria were significantly more common in leukocytes than in the remaining cell types and mostly positive for the acidicity marker LysoTracker Red (LyTR). Using electron microscopy it was shown that about 5% of intracellular bacteria were present in autophagic vacuoles, and that the majority of these compartments had degradative autophagic vacuole morphology. Correlation of light and electron microscopy images showed that the small GFP-Lc3-positive vesicles in the vicinity of bacteria, as well as the larger GFP-Lc3 structure containing sequestered bacteria have autophagic vacuole morphology. Thus, our results show that by using the presented tail fin infection method, the autophagy process during the course of infection can be studied by direct observations in vivo*.*

Results
=======

The tail fin infection model
----------------------------

In the present study a model was set up which enabled studying autophagy during bacterial infection in zebrafish by visualizing intracellular structures using both light and electron microscopy. For this purpose a local infection was established using microinjection of bacteria into the tail fin of zebrafish larvae at 3 d post fertilization (dpf). At this stage the tail fin is approximately 20- to 50-μm thick. It consists of a thin layer containing mesenchymal cells, extracellular matrix, collagenous fibers (called actinotrichia), and an epidermis that consists of 2 cell layers covering the tail fin on both sides.[@R43] Several hours after injection of fluorescently labeled *M. marinum* in the tail fin (\~500 colony-forming units), by confocal laser scanning microscopy (CLSM) a small number of bacteria can be visualized in the tail fins, which reside in epithelial cell layers and in the extracellular matrix. An overview of this model system is presented in [Figure 1](#F1){ref-type="fig"}, showing tail-fin infection of E2-Crimson labeled *M. marinum* in transgenic zebrafish larvae expressing membrane-bound GFP.[@R44] In order to visualize the ultrastructure of the infected tail fin, the infected larvae can subsequently be processed for transmission electron microscopy.

![**Figure 1.** The tail-fin injection model, enabling the induction of a localized infection in zebrafish larvae. The needle indicates the location for injection in the tail fin of 3 dpf zebrafish larvae. The inset represents the region imaged by CLSM. The transgenic larva expressing membrane-bound GFP was injected with fluorescently labeled *M. marinum* (shown in red). The larva is imaged and presented from a lateral and dorsal perspective, showing the epithelial cell layers and the bacteria residing in these layers and in the extracellular space between these layers.](auto-10-1844-g1){#F1}

Injection of *M. marinum* in zebrafish larvae results in an innate immune response represented by recruitment of leukocytes to the site of infection and subsequent formation of granulomas.[@R40]^,^[@R45] In order to study the course of infection and leukocyte recruitment in the tail fin infection model, we injected E2-Crimson labeled *M. marinum* into the tail fin of 3 dpf zebrafish larvae and visualized neutrophils and macrophages. This visualization of neutrophils was performed using a transgenic zebrafish line *Tg(mpx:GFP),* in which GFP is expressed in neutrophils.[@R46] Lcp1/L-plastin immunostaining was performed for visualization of all leukocytes, and Lcp1-positive cells without GFP expression were considered to be macrophages.[@R47] The course of infection was imaged using CLSM at 4 h postinfection (hpi) and 1, 3, and 5 d postinfection (dpi) ([Fig. 2](#F2){ref-type="fig"}). At 4 hpi, small numbers of fluorescently labeled bacteria (\< 50) were detected at and around the site of injection. At this time point a few neutrophils and macrophages (\< 5) were already recruited to the infection site. Some of the bacteria were taken up by leukocytes ([Fig. 2A](#F2){ref-type="fig"}). The bacteria that did not show colocalization with leukocytes could be extracellular or reside in other cell types. After this time point the bacteria proliferate and most of them appeared to grow in aggregates, which are at least 5 μm in size. In addition, increasing numbers of both neutrophils and macrophages were attracted. At 4 to 5 dpi the infection in the tail fin resulted in formation of an initial stage granuloma, which we observed as a large local accumulation of macrophages (20 to 30) and neutrophils (20 to 30) at the site of the infection, close to the site of injection. At this stage in the center of the granuloma a pore in the tail fin had been formed representing the necrotic (caseous) center of a granuloma, which has been reported previously in the granulomas of human lungs and adult zebrafish.[@R16]^,^[@R48] Due to the thin tissue of the tail fin this center was extruded, resulting in a pore at late stages of infection (see also [Fig. 3D](#F3){ref-type="fig"}). The development of these granulomas appeared to be dependent on an ESX-1 secretion system, since the *M. marinum* Delta RD1 mutant strain,[@R49] which is deficient in this system, was cleared within 4 dpi (data not shown).

![**Figure 2.***M. marinum* infection attracts leukocytes forming an initial stage granuloma. The course of *M. marinum* (red) infection is shown in *Tg(mpx:GFP)* larvae. Larvae have been stained using Lcp1 immunohistochemistry for leukocytes. Recruitment of neutrophils (green) and leukocytes (blue) was observed in the tail fin. In the top panels (**A--D**) an overview image of the entire tail fin at the indicated time point is presented. In the lower panels (**A'--D'**) higher magnification images of the indicated regions are shown. The scale bars represent 100 μm for the images on the top panels and 20 μm for the bottom panels. For each time point approximately 20 larvae were imaged and representative images for each time point are shown.](auto-10-1844-g2){#F2}

![**Figure 3.** Autophagy is induced during *M. marinum* infection. *M. marinum* infected *Tg(CMV:EGFP-map1lc3b)* larvae were imaged at different time points after infection. GFP-Lc3-positive (green) vesicles were observed at the site of infection from 4 hpi to 5 dpi in the vicinity of the pathogens (red) by CLSM. In the top panels (**A--D**) an overview of the entire tail fin imaged at low magnification is shown. In the bottom panels (**A'--D'**) the indicated region imaged at higher magnification is presented. A necrotic center is formed at the center of the initial stage granuloma at 5 dpi. The scale bars represent 100 μm for the images in the top panels and 20 μm for images in the bottom panels. For each time point approximately 20 larvae were imaged and representative images for each time point are shown.](auto-10-1844-g3){#F3}

Autophagy during *M. marinum* infection: confocal laser scanning microscopy
---------------------------------------------------------------------------

In order to study whether the *Tg(CMV:EGFP-map1lc3b)* fish line[@R32] can be used in our infection model to study autophagy, we injected 3 dpf larvae from this line with fluorescently labeled *M. marinum* in the tail fin. At 4 hpi and 1, 3, and 5 dpi the GFP-Lc3 signal and the fluorescent bacteria were imaged using CLSM ([Fig. 3](#F3){ref-type="fig"}).

At 4 hpi the response to *M. marinum* infection was observed as small (\< 1 μm) GFP-Lc3-positive vesicles, not containing bacteria, in cells close to the site of injection. These vesicles were not specific to the antibacterial response since in a control experiment a similar GFP-Lc3 response was observed after injection of polystyrene beads ([Fig. S1](#SUP1){ref-type="supplementary-material"}). In this control experiment the GFP-Lc3 response was no longer observed from 1 dpi onward, indicating that any GFP-Lc3 response after this time point is specific for the bacterial infection ([Fig. 3A](#F3){ref-type="fig"}). One day after bacterial injection, more bacteria were present and the increased infection results in more small GFP-Lc3-positive vesicles in infected cells. The vast majority of these vesicles was \~1 μm in diameter and did not contain bacteria ([Fig. 3B](#F3){ref-type="fig"}). This pattern was also observed at 3 dpi ([Fig. 3C](#F3){ref-type="fig"}). At 5 dpi in most larvae an initial stage granuloma had been formed, which could be observed as a large local accumulation of bacterial aggregates and GFP-Lc3-positive vesicles.

Different types of interaction between GFP-Lc3 structures and bacteria were observed at 5 dpi, and this is shown in more detail in [Figure 4](#F4){ref-type="fig"}. The vast majority of bacterial aggregates did not colocalize with any GFP-Lc3 signal, however in some cells accumulation of GFP-Lc3 vesicles occurred associated with these aggregates (i.e., the fluorescent signals from the bacteria and the vesicles are (partially) overlapping; [Fig. 4B](#F4){ref-type="fig"}). Few cells contained larger GFP-Lc3-positive vesicles (\~3 μm, \~6 per granuloma), which contained sequestered bacteria ([Fig. 4C--F](#F4){ref-type="fig"}). A large number (a few thousand) of small (\~1 μm) GFP-Lc3-positive vesicles were present, which did not contain bacteria, although they could be observed in the vicinity of bacteria ([Fig. 4G and H](#F4){ref-type="fig"}). These small vesicles were able to fuse with the other compartments that contain bacteria. This process was monitored in a separate experiment, in which infected *Tg(CMV:EGFP-map1lc3b)* larvae were imaged alive ([Vid. S1](#SUP1){ref-type="supplementary-material"}). In addition, GFP-Lc3-positive vesicles were observed in the vicinity of *M. marinum* without fusion with compartments containing bacteria ([Vid. S2](#SUP1){ref-type="supplementary-material"}).

![**Figure 4.** The GFP-Lc3 response observed during *M. marinum* infection. *Tg(CMV:EGFP-map1lc3b)* larvae infected with *M. marinum* at 5 dpi were imaged with CLSM. (**A**) Representative image of a granuloma in the infected tail fin. The GFP-Lc3 signal (green) and fluorescently labeled bacteria (red) are shown. (**B--H**) Magnified images of regions indicated in (**A**). (**B**) In highly infected cells near the necrotic center (NC) accumulation of GFP-Lc3-positive vesicles was observed (indicated by arrow). (**C--F**) In cells shown in these images larger GFP-Lc3-positive vesicles were observed, which entirely surround the bacteria (indicated by arrows). (**G and H**) In lowly infected cells GFP-Lc3-positive vesicles were observed in the vicinity of bacteria (indicated by arrows). Red and green signals from (**B--H**) are presented separately in (**B'--H'**) and (**B"--H"**), respectively. Scale bars: (**A**) 30 μm and (**B--H**) 3 μm.](auto-10-1844-g4){#F4}

In order to differentiate between the GFP-Lc3 signal in leukocytes and the remaining cell types, infected *Tg(CMV:EGFP-map1lc3b)* larvae were immuno-stained using an antibody against Lcp1, a pan-leukocytic marker ([Fig. 5](#F5){ref-type="fig"}). By segmentation, based on the Lcp1 signal, of the 3D rendered images 2 images were generated. One image showed the bacteria and GFP-Lc3-positive structures inside Lcp1-positive cells ([Fig. 5C](#F5){ref-type="fig"}) and the other image showed this in the remaining cell types ([Fig. 5D](#F5){ref-type="fig"}). Quantitative analysis of 13 granulomas (1 per larva) showed that the majority of larger GFP-Lc3-positive vesicles containing bacteria were located inside leukocytes ([Fig. 5B](#F5){ref-type="fig"}). Each granuloma contained on average 5.4 (± 1.0) of these large vesicles containing bacteria. Of these vesicles, 3.9 (± 0.6) were located inside leukocytes and 1.5 (± 0.4) were located outside Lcp1-positive cells. No statistically significant difference in the number of small (\~1 μm) GFP-Lc3-positive vesicles was observed between leukocytes and the remaining cell types (data not shown).

![**Figure 5.***M. marinum* containing GFP-Lc3-positive vesicles differ between leukocytes and other cell types. *Tg(CMV:EGFP-map1lc3b)* larvae infected with *M. marinum* at 5 dpi were immunostained for Lcp1, and their tail fins were imaged using CLSM. (**A**) Representative image of a granuloma in the infected tail fin. The GFP-Lc3 signal (green), Lcp1 immunostaining (blue) and fluorescently labeled bacteria (red) are shown. (**B**) Quantification of GFP-Lc3-positive vesicles for 13 granulomas (1 per tail fin) having sequestered *M. marinum* inside and outside Lcp1-positive leukocytes. The data (mean ± SEM) were analyzed using a paired 2-tailed Student *t* test (n = 13). \*\*\* indicates *P* \< 0.001. (**C**) The GFP-Lc3 signal (green) and bacteria (red) in Lcp1-positive cells. (**D**) The GFP-Lc3 signal (green) and bacteria (red) outside Lcp1-positive cells. Scale bar: 30 μm.](auto-10-1844-g5){#F5}

The lysosomal marker LyTR was used to study which fraction of the GFP-Lc3-positive vesicles had undergone fusion with lysosomal compartments ([Fig. 6](#F6){ref-type="fig"}). The number of GFP-Lc3 vesicles positive for this marker was quantified, and approximately 30% of the small GFP-Lc3 vesicles were shown to be LyTR positive ([Fig. 6D](#F6){ref-type="fig"}). Approximately 70% of the larger GFP-Lc3 vesicles containing bacteria were positive for this lysosomal marker, indicating that the majority of these vesicles had undergone fusion with a lysosomal compartment ([Fig. 6C](#F6){ref-type="fig"}).

![**Figure 6.** The majority of GFP-Lc3-positive vesicles having sequestered *M. marinum* are LyTR-positive. *Tg(CMV:EGFP-map1lc3b)* larvae infected with *M. marinum* at 5 dpi were stained with LyTR and their tail fins were imaged using CLSM. (**A and B**) Representative images of *M. marinum* in GFP-Lc3-positive vesicles that were positive (**A**) or negative (**B**) for LyTR. Magnified images of the regions indicated in (**A and B**) are presented separately for *M. marinum* (red) and GFP-Lc3 (green) in (**A' and B'**), and for *M. marinum* (red) and LyTR (blue) in (**A" and B"**). (**C**) Quantification of *M. marinum* containing GFP-Lc3-positive vesicles, positive or negative for LyTR. The data (mean ± SEM) were analyzed using a paired 2-tailed Student *t* test (n = 13). \*\*\* indicates *P* \< 0.001 and \*\* *P* \< 0.01. (**D**) Quantification of small GFP-Lc3 vesicles positive and negative for LyTR. The data (mean ± SEM) were analyzed using a paired 2-tailed Student *t* test (n = 13). (**E**) Representative image of a 3D-rendered representation of small (\~1μm) GFP-Lc3 vesicles, negative (green) or positive (blue) for LyTR. Scale bars: (**A and B**) 5 μm, (**A' and B'**) 1 μm, and (**E**) 25 μm.](auto-10-1844-g6){#F6}

Autophagy during *M. marinum* infection: transmission electron microscopy
-------------------------------------------------------------------------

Transmission electron microscopy (TEM) was performed at 5 dpi of *M. marinum* infection in the tail fin of wild type larvae, in order to study the autophagy response and ultrastructure in more detail ([Fig. 7](#F7){ref-type="fig"}). The tail fin infection model is very suitable for TEM analyses because the localization of infected cells is facilitated by the limited amount of tissue that needs to be analyzed in this local infection model. As described above, at 5 dpi a granuloma has been formed and a representative TEM image of such a granuloma is shown in [Figure 7](#F7){ref-type="fig"}. At the left side of the image a part of the necrotic center of the granuloma is visible. This center is surrounded by a large number of cells infected with bacteria, which represent a variety of cell-bacteria interactions.

![**Figure 7.** TEM images of tail fin of zebrafish larva infected with *M. marinum*. **(A**) Overview image of a granuloma with necrotic center (NC) in the tail fin at 5 dpi. The tail fin is oriented anterior to the top and ventral to the left and the position of the notochord (NTO) is indicated. (**B**) Higher magnification of the region indicated in (**A**), showing part of a macrophage with bacteria of which one in a double-membrane autophagic vacuole (black asterisk) and 2 were cytoplasmic (white asterisk). (**B'**) Higher magnification of bacteria in an initial autophagic vacuole in (**B**), with arrows indicating the typical double membrane with electron-lucent cleft and arrowheads indicating ribosomes inside (white) and outside (black) of the vacuole. The ruffled appearance of the double membrane could be a fixation or sectioning artifact. (**C**) Higher magnification of region indicated in (**A**), showing a single bacterium (asterisk) in a degradative autophagic vacuole. (**C'**) Higher magnification of the degradative autophagic vacuole containing bacteria in (**C**), showing a lysosome fused with this vacuole (arrow), which contains partially degraded cytoplasmic material (arrowhead). (**D**) Higher magnification of indicated region, showing a macrophage with several phagosomal compartments containing bacteria. (**E**) Higher magnification of indicated region, showing infected epithelial cells. Scale bars: (**A**) 5 μm, (**B and C**) 1 μm, (**B'**) 250 nm, (**C'**) 500 nm, and (**D and E**) 10 μm.](auto-10-1844-g7){#F7}

Four regions of this image are presented at higher magnification illustrating different cell-bacteria interactions ([Fig. 7B--E](#F7){ref-type="fig"}). The images show that some cells contain bacteria that are encapsulated by a double-membrane vesicle. Such an initial autophagic vacuole inside a macrophage is presented in [Figure 7B](#F7){ref-type="fig"}'. Other bacteria residing in the cytoplasm of the same macrophage were not enclosed by any membrane ([Fig. 7B](#F7){ref-type="fig"}). Some bacteria were encapsulated by single membrane structures with degradative autophagic vacuole morphology. An example is presented in [Figure 7C](#F7){ref-type="fig"}, which shows a cell, most probably a macrophage, with an autophagic vacuole containing a bacterium and the remains of partially degraded cytoplasmic material. Many other macrophages contained larger aggregates of bacteria enclosed by a single membrane. Examples of these bacteria containing phagosomes in macrophages are shown in [Figure 7D](#F7){ref-type="fig"}. Moreover, infected epithelial cells with bacteria were observed, and an example is shown in [Figure 7E](#F7){ref-type="fig"}.

In order to determine the frequency of different cell-bacteria interactions we quantified the occurrence of 7 different types of interaction. This quantitative analysis and representative images of each type of interaction are presented in [Figure 8](#F8){ref-type="fig"}. The majority (\~57%) of intracellular bacteria was found in aggregates, and approximately half of these aggregates had lysosomal morphology with uniform electron dense content in the compartment (\~32%) ([Fig. 8A and B](#F8){ref-type="fig"}). Individual bacteria occurred in phagosomal compartments characterized by a single membrane with an electron-transparent zone or tightly surrounding the bacteria without any cytoplasmic material (\~11%, [Fig. 8C](#F8){ref-type="fig"}). In addition bacteria were found in the cytoplasm not enclosed by any membrane (\~13%, [Fig. 8A](#F8){ref-type="fig"}). Approximately 5% of bacteria were found in autophagic compartments, either in a typical double-membrane compartment also enclosing cytoplasmic content such as ribosomes (\~0.4%, [Fig. 8D](#F8){ref-type="fig"}) or in a compartment with late autophagic morphology (\~4.5%). These compartments were characterized by partially degraded cytoplasmic content and organelles ([Fig. 8E](#F8){ref-type="fig"}). Finally, \~12% of bacteria were located inside lysosomal compartment with regular electron dense content ([Fig. 8F](#F8){ref-type="fig"}).

![**Figure 8.** Quantification of intracellular *M. marinum* shows the distribution of bacteria in different compartments. (**A--F**) Representative TEM images of *M. marinum* in different compartments. (**A**) Aggregates were observed as a compact cluster of bacteria (\< 5) without any electron dense areas. (**B**) Acidic aggregates were observed as a compact number of bacteria in a compartment having a uniform electron density between the bacteria (arrowhead) and/or electron dense regions (arrow). (**C**) Phagosomal compartment containing bacteria surrounded by a single membrane (arrowhead) with an electron-transparent zone (arrow), without any cytoplasmic material in the compartment. (**D**) Initial autophagic vacuoles containing bacteria (black asterisk), with the typical double membrane with electron-lucent cleft (arrowheads) and arrows indicating ribosomes inside (white) and outside (black) of the vacuole. Also in this image cytoplasmic bacteria are shown not enclosed by any membrane, indicated by a white asterisk. (**D'**) Higher magnification of the region indicated in (**D)**, showing part of the bacteria and the vacuole in more detail. (**E**) Degradative autophagic vacuoles with partially degraded content (arrowhead) and other fused vacuoles (arrows). (**F**) Lysosomal compartment containing bacteria (asterisk) with uniform electron dense content (arrow). Near this compartment 2 autophagic vacuoles were observed indicated by AVi. (**G**) The fractions of intracellular *M. marinum* found in different compartments and free cytoplasmic *M. marinum* are presented in a pie chart. The bacteria for which their compartment could not be determined are indicated as ND. For this experiment 3 larvae with initial stage granulomas were used, with 3 regions for each larva at \~10 μm distance in order to prevent double counting of bacteria. In total 9 sections were analyzed containing over 2400 intracellular bacteria. Data shown are mean ± SEM. Scale bars: (**A and B**) 500 nm, (**C and D**) 250 nm, and (**E and F**) 1 μm.](auto-10-1844-g8){#F8}

Correlating light and electron microscopy images
------------------------------------------------

Since we could obtain both CLSM and TEM images of the same specimen, the tail fin infection model provided the opportunity to correlate images generated by these 2 types of microscopy. For this purpose, infected larvae were first imaged alive using CLSM, and directly after imaging chemically fixed and prepared for electron microscopy ([Fig. 9](#F9){ref-type="fig"}). This approach enabled the visualization of the ultrastructure of the GFP-Lc3-positive and negative structures containing bacteria that first had been identified by CLSM.

![**Figure 9.** Correlative light and electron microscopy shows the ultrastructure of GFP-Lc3-positive structures. (**A**) CLSM image of infected *Tg(CMV:EGFP-map1lc3b)* zebrafish tail fin at 3 dpi. (**B**) Higher magnification of region indicated in (**A**), showing the projection view and the surface of the bacteria in red and of the GFP-Lc3 signal in green. (**C**) TEM image of the same area shown in (**B**). (**D**) Segmentation of adjacent TEM images showing the surface area of bacteria in blue. (**E**) Alignment of bacterial surfaces. The fluorescent signal (imaged by CLSM) is shown in red and the segmented surface (imaged by TEM) in blue. (**F**) 3D representation of CLSM and TEM images based on alignment shown in (**E**). (**G**) Magnified image of GFP-Lc3-positive structure enclosed 2 bacteria. (**H**) TEM image of the GFP-Lc3-positive compartment with bacteria shown in (**G**). (**I**) Magnified image with GFP-Lc3 signal in vicinity of bacteria. (**J**) TEM image of the same region, showing an initial autophagic vacuole, (indicated by arrow), at the tip of bacteria at same position as GFP-Lc3 signal in (**H**). The magnified inset shows the double membrane (arrowheads) and the ribosomes (asterisk) inside this vacuole. Scale bars: (**A**) 20 μm, (**B--F**) 5 μm, and (**G and H**) 1 μm.](auto-10-1844-g9){#F9}

The tail fin of a *Tg(CMV:EGFP-map1lc3b)* larva infected with E2-crimson labeled bacteria (3 dpi) was first imaged using low magnification CLSM ([Fig. 9A](#F9){ref-type="fig"}), followed by higher magnification imaging of the region of interest and 3D rendering ([Fig. 9B](#F9){ref-type="fig"}). In this image (like in the images shown in [Fig. 3](#F3){ref-type="fig"} and [Fig. 4](#F4){ref-type="fig"}), the majority of bacteria was not sequestered by GFP-Lc3-positive membranes. However, some bacteria were observed in close proximity to GFP-Lc3-positive vesicles and a small number of bacteria were inside a GFP-Lc3-positive structure. Subsequently, samples were sectioned and 2 adjacent sections were imaged by TEM ([Fig. 9C](#F9){ref-type="fig"}). The TEM images showed that in this region all bacteria were located inside epithelial cells. The 2 TEM images were aligned and the surface area covered by the bacteria was segmented ([Fig. 9D](#F9){ref-type="fig"}). This surface area was fitted into the 3D rendered image of the bacteria created from the CLSM images ([Fig. 9E and F](#F9){ref-type="fig"}).

Using this approach, different cell-bacteria interactions were observed. First, bacteria inside a GFP-Lc3-positive structure were observed using CLSM ([Fig. 9G](#F9){ref-type="fig"}). In the correlated TEM image these bacteria were present in a degradative autophagic vacuole that also contained partially degraded cytoplasmic material ([Fig. 9H](#F9){ref-type="fig"}). Second, in the same CLSM image other bacteria were observed which were not inside a GFP-Lc3-positive structure. However, they were observed to be associated with small GFP-Lc3-positive vesicles ([Fig. 9I](#F9){ref-type="fig"}). In the correlated TEM image this vesicle correlates with an autophagic vacuole containing cytoplasmic material and having a double membrane ([Fig. 9J](#F9){ref-type="fig"}).

Discussion
==========

In this paper we provide a novel infection method that enables visualization of autophagic structures by both light and electron microscopy in vivo using a vertebrate infectious disease model. We show that this opens up the possibility to correlate light and electron microscopic images. In our method the pathogens are injected into the tail fin of zebrafish larvae, which results in a localized infection in this thin part of the body. We utilized this model for the study of infection by *M. marinum* showing that injection of this pathogen in the tail fin results in a local infection, which leads to the formation of single granuloma-like structure. The tail fin is very suitable for high-resolution light microscopy imaging, because the tissue consists of only a few cell layers and the infected cells are therefore located at a relatively short distance from the objective. This provides the opportunity to use high NA lenses, which are generally designed with a short free working distance. The relative absence of out of focus light enhances the contrast and the resolution of images of this tissue. For transmission electron microscopy this localized infection model has the major advantage that the site of infection can easily be found and subsequently imaged, due to the small tissue volume that needs to be investigated. When this tissue is imaged in live larvae using light microscopy before TEM imaging, the images obtained by these 2 different techniques can be correlated. This was performed based on the localization of the bacteria, which can be easily recognized in TEM images and were fluorescently labeled for detection in light microscopy. This model will be very valuable for high resolution in vivo imaging of autophagy, which until now has mainly been performed in cell cultures.

The applicability of studying autophagy in the tail fin infection model was demonstrated using *M. marinum* infection. Using the *Tg(CMV:EGFP-map1lc3b)* line, we showed highly active mobilization of GFP-Lc3-positive vesicles upon infection of *M. marinum* in the tail fin. Two types of GFP-Lc3-positive structures were distinguished. First, numerous relatively small vesicles (\~1 μm) were observed that did not contain bacteria. These small vesicles are highly dynamic and can fuse with other compartments containing bacteria. Correlation of light and electron microscopy images showed that the presented small GFP-Lc3-positive vesicle in the vicinity of bacteria indeed has the appearance of an initial autophagic vacuole ([Fig. 9J](#F9){ref-type="fig"}). Second, larger structures (\~3 μm) were present that often contained sequestered bacteria. The GFP-Lc3 signal of these larger structures could either originate from an autophagosome, which has taken up cytosolic bacteria, or from an autophagosome/autolysosome after fusion with a phagosomal compartment containing bacteria as has been shown in cell culture studies.[@R11]^,^[@R21]^,^[@R50] It has also been shown in cell cultures that GFP-LC3 can be associated with early phagosomes and phagosomes that have taken up bacteria of apoptotic bodies.[@R37]^,^[@R51] In our system the majority of larger bacteria containing GFP-Lc3 vesicles were stained positive with LyTR indicating that they had undergone fusion with a lysosomal compartment. These vesicles are most probably GFP-Lc3-containing autolysosomes that have emerged through the autophagic pathway, although it could not be excluded that they are fused with lysosomes as part of LC3-associated phagocytosis. The autophagosomal nature of these vesicles was supported by correlative light and electron microscopy data showing that the larger GFP-Lc3 vesicle containing bacteria had the morphology of a degradative autophagic vacuole.

The presented observations of larger and small GFP-Lc3-positive vesicles reflect the occurrence of different pathways of autophagy induced during infection. The larger GFP-Lc3 vesicles containing bacteria may correspond to bacterial autophagy, whereas the smaller vesicles in the vicinity of bacteria may correspond to nonbacterial autophagy, reviewed in refs. [@R12] and [@R52]. The latter process may be involved in the clearance of membranes that have been damaged during phagosomal escapes of *M. marinum*. Alternatively, these vesicles may fuse with other autophagic or heterophagic compartments containing bacteria.[@R22]^,^[@R53] Furthermore, the presented data show that during *M. marinum* infection the larger bacteria-containing GFP-Lc3 vesicles occur more often in leukocytes than in other cell types (mainly epithelial cells in the tail fin). This suggest that different cell types show different autophagic responses, illustrating the advantages of studying the infection process in a whole animal model, in which multiple cell types and their interactions can be studied at the same time. In future studies these experiments can be performed in other transgenic fish lines, expressing GFP-Lc3 in specific cell types, or using the line ubiquitously expressing GFP-Lc3 in combination with other cell-specific fluorescent markers. In addition, in future research it will be important to determine which fraction of GFP-Lc3-positive vesicles without bacteria are autophagosomes.

The suitability of the tail fin infection model for electron microscopy was demonstrated by analysis of granuloma structures. It was confirmed that at this stage the bacteria resided in different cell types and that they could occur in the extracellular matrix. We quantified the number of intracellular bacteria residing individually in phagosomes, the cytoplasm, autophagic vacuoles, or lysosomes, or being present in aggregates or acidic aggregates. Only a very small fraction (\~0.4%) of bacteria was found inside an initial autophagic vacuole with a double membrane, which is most likely due to the highly transient nature of these structures.[@R54]^,^[@R55] These autophagosomes generally contain a single bacterium. The fraction of bacteria in degradative autophagic vacuoles is considerably larger (\~4.5%). Another population of bacteria resides in phagosomal compartments and this fraction of bacteria (\~11%) has been taken up most recently or has succeeded in blocking lysosomal fusion. For *M. marinum* it has been shown in cell cultures that they are able to escape the phagosomal compartment,[@R41] which was shown in our model to result in \~13% of bacteria residing freely in the cytoplasm. This fraction of bacteria is an obvious target for autophagy.[@R21]^,^[@R50]

In summary, our model offers new possibilities for future studies on the role of autophagy during infection in vivo. Recently, Mostowy et al., have studied the response of zebrafish larvae toward another pathogen, *Shigella flexneri*, showing that escape of this pathogen into the cytosol induces septin caging and targeting to autophagy.[@R31] It would be highly interesting to compare the infection process by different pathogens in the model we have developed. The zebrafish has many advantages for genetic studies that make it highly suitable to provide new insights into the relation between cellular structures and the molecular mechanisms of autophagy. With the advancement of medical translational studies in zebrafish disease models this will provide new opportunities to develop possible therapies against autophagy-related disorders.[@R30]^,^[@R56]

Materials and Methods
=====================

Zebrafish strains and maintenance
---------------------------------

Zebrafish were handled in compliance with the local animal welfare regulations and maintained according to standard protocols ([www.zfin.org](http://www.zfin.org)). The ABTL wild-type zebrafish strain and the transgenic lines, *Tg(Ola.Actb:Hsa.HRAS-EGFP)*,[@R44] *Tg(mpx:GFP)*,[@R46] *Tg(CMV:EGFP-map1lc3b)*,[@R32] strains were used for this study. All fish were raised and grown at 28.5 °C on a 14 h light: 10 h dark cycle. Embryos were obtained from natural spawning at the beginning of the light period and kept in egg water (60 µg/ml Instant Ocean sea salts). At 1 dpf 0.003% *N*-phenylthiourea (PTU; Sigma-Aldrich, P7629) was added in order to prevent pigmentation.

Zebrafish tail fin infection
----------------------------

The *M. marinum* M strain fluorescently labeled with E2-crimson[@R57] was used and prepared at \~500 colony-forming units per 1 nl as previously described.[@R42] Borosilicate glass microcapillaries (Harvard Apparatus, 300038) were used with a micropipette puller device (Sutter Instruments Inc.) for preparing microinjection needles. Zebrafish larvae were injected in the tail fin at 3 dpf using the Eppendorf microinjection system with a fine (\~5 to 10 micron) needle tip broken off with tweezers and mounted at a 30-degree angle. Larvae were anesthetized in egg water with 200 μg/mL 3-aminobenzoic acid (Tricaine; Sigma-Aldrich, E10521) and injected between the 2 epidermal layers at the ventral part of the tail fin ([Fig. 1](#F1){ref-type="fig"}). Larvae were fixed at desired time points after infection with 4% paraformaldehyde in PBS-T (phosphate-buffered saline; NaCl 150 mM, K~2~HPO~4~ 15 mM, KH~2~PO~4~ 5 mM) with 0.05% Tween 20 (Merck Millipore, 8221840500) with gentle agitation for 18 h at 4 °C. The larvae were washed the next day with PBS-T and stored at 4 °C for further staining or until imaging.

Immunohistochemistry
--------------------

Lcp1 immunostaining was performed for at least 20 larvae from each time point after fixation. The larvae were rinsed in PBS-DTx (phosphate-buffered saline with 0.5% DMSO and 0.3% Triton X-100) and treated with proteinase K (10 µg/ml in PBS-DTx; Roche, 03115879001) for 10 min at 37 °C. The larvae were blocked in 5% normal sheep serum (Sigma-Aldrich, S2263) in PBS-DTx for 2 h at room temperature, incubated with Lcp1/L-Plastin antibody (a gift from Anna Huttenlocher, University of Wisconsin, USA) in 1:1000 dilution at 4 °C overnight and subsequently incubated with Alexa-405 conjugated secondary antibody (1:200; Invitrogen, A-31556) for 2 h at room temperature. The larvae were washed with PBS-DTx and stored at 4 °C until imaging.

LysoTracker Red staining
------------------------

LysoTracker Red (LyTR; Invitrogen, L-7528) was used for visualization of acidic compartments. Larvae were incubated for 1 h in 10 μM LyTR solution (in egg water) at 28 °C and rinsed several times with fresh egg water before imaging by CLSM.

Confocal laser scanning microscopy
----------------------------------

Fixed larvae were mounted in 1% low melting agarose (Sigma-Aldrich, A9414) and imaged with a Leica TCS SPE (Wetzlar, Germany) or Zeiss Exciter (Oberkochen, Germany) confocal laser scanning microscope using the 405, the 488, and the 641 laser lines with 20× (NA 0.7) and 63× (NA 1.2) objectives. Larvae shown in [Figure 4](#F4){ref-type="fig"} and [Figure 6](#F6){ref-type="fig"} were imaged with the Nikon A1 confocal laser scanning microscope (Tokyo, Japan) using the 405, 488, and 561 laser lines with 20× (NA 0.75) and 60× objectives (NA 1.49). Images were analyzed using Fiji software,[@R58] and Imaris 5.5 software (Bitplane AG) was utilized in order to develop 3-dimensional models of the infected sites to quantify the number of GFP-Lc3-positive vesicles and their colocalization with LyTR signals. Amira 2.3 software (FEI, Visualization Sciences Group) was used for 3D rendering of CLSM images, segmentation of TEM images and aligning the 2 surfaces for correlative visualization.

Transmission electron microscopy
--------------------------------

Before being used for electron microscopy the zebrafish larvae were anesthetized with 200 µg/ml tricaine, imaged alive by CLSM and afterwards immediately fixated in 2% glutaraldehyde and 2% paraformaldehyde in sodium cacodylate buffer (pH 7.2) for 3 h at room temperature followed by fixation for 16 h at 4 °C. Postfixation was performed in 1% osmium tetroxide in sodium cacodylate buffer for 1 h at room temperature. After dehydration through a graded series of ethanol all specimens were kept in epoxy resin (Agar Scientific, AGR1043) for 16 h before embedding. Ultrathin sections were collected on Formvar coated 200 mesh or one hole copper grids (Agar Scientific, AGS162) stained with 2% uranyl acetate in 50% ethanol and lead citrate for 10 min each. Electron microscopy images were obtained with a JEOL JEM-1010 transmission electron microscope (Tokyo, Japan) equipped with an Olympus Megaview camera (Tokyo, Japan).

Statistical analysis
--------------------

All data (mean ± SEM) were analyzed (Prism 5.0) using paired, 2-tailed Student *t* tests for comparing the 2 conditions.
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